INTRODUCTION
The introduction and development of high mobility materials have recently become essential for developing high performance complementary metal-oxidesemiconductor (CMOS) devices. Ge is very attractive in the development of high speed MOSFETs because it has a higher carrier mobility than does Si for both electrons and holes. Additionally, a tensile-strained Ge channel has good potential for dramatically improving the performance of current CMOS since it is expected that the tensile-strain on Ge improves the carrier mobility of both electrons and holes compared to bulk-Ge.
On the other hand, from the view point of shrinkage of Si-CMOS devices, the establishment of the local strain engineering in the three-dimensional structures becomes more important. Therefore, the characterization and precise control of the local strain in practical nano-scale devices are required to sustain the reliability of the device operation.
Some methods have been reported to form tensile-strained Ge layers, for example, using the thermal expansion between Ge and Si or buffer layers as Ge 1-x Sn x or In x Ga 1-x As [1] [2] [3] . However, those processes have not been able to realize a tensile-strain larger than 1% in Ge yet.
Recently, we proposed the novel method to introduce an uniaxial tensile-strain in a Ge layer by micro-patterning of strain-relaxed Ge/strained Si 1-x Ge x structures on a Si(001) substrate [4] . In this study, we investigated the relationship between the tensile-strain of Ge layers and the elastic strain-relaxation of Si 0.6 Ge 0.4 layers. Figure 1 is the schematic diagram showing the concept of this method to realize a tensile-strained Ge layer by micro-patterning of Ge/Si 1-x Ge x structures on a Si(001) substrate [4] . First, a pseudomorphic Si 1-x Ge x layer is epitaxially grown on a Si(001) substrate. Secondly, a strain-relaxed Ge layer is epitaxially grown on the sample as shown in Fig. 1(a) . Note that the Si 1-x Ge x layer has an in-plane compressive stress just after the growth. After the pattering of this structure into a stripe mesa-structure, the strain in the Si 1-x Ge x layer is elastically relaxed preferentially at the edge region and the in-plane lattice constant of this Si 1-x Ge x layer increases for the direction perpendicular to the lines. As a result, an uniaxial tensile-strain is induced in the Ge layer on this Si 1-x Ge x buffer layer as shown in Fig. 1(c) , unless the strain in the Ge layer is not plastically and/or elastically relaxed.
EXPERIMENTAL
In this study, Si 0.6 Ge 0.4 and Ge layers were epitaxially (Fig. 1(a) ). The thickness of the Si 0.6 Ge 0.4 layer and the growth temperature were designed to allow the pseudomorphic growth of the Si 0.6 Ge 0.4 layer. Although it is preferable that the strain of a Ge layer on a Si 0.6 Ge 0.4 buffer layer is fully relaxed before the patterning in order to effectively induce the large tensile-strain in Ge, the strain of the Ge layer was not sufficiently relaxed just after the growth in this study. Therefore, the post-deposition annealing (PDA) at 700ºC for 10 min in N 2 ambient was performed to enhance the strain-relaxation of the Ge layer ( Fig. 1(b) ). The Ge and Si 0.6 Ge 0.4 stacked layers were patterned into the stripe mesa lines with the line width of 250 or 100 nm by using electron beam lithography and reactive ion etching ( Fig. 1(c) ). The length of mesa lines was 5000 μm. The degree of strain and the crystalline structure were analyzed by x-ray diffraction two-dimensional reciprocal-space mapping (XRD-2DRSM). We also calculated the strain distribution in the patterned mesa line of Ge and pseudomorphic-Si 0.6 Ge 0.4 by finite element method (FEM). . Figure 4 (a) indicates that the strain of the Si 0.6 Ge 0.4 layer was elastically relaxed only for the direction perpendicular to the lines after the patterning, while the strain was not relaxed for the direction parallel to the lines. This result means the anisotropic strain-relaxation occurred in the Si 0.6 Ge 0.4 layers. The DSR of Si 0.6 Ge 0.4 layer is achieved to 72% after the patterning. As a result, the uniaxial tensile-strain of 0.08% was induced in the Ge layer only Fig.2 The SEM image of the micro-patterned Ge/Si 0.6 Ge 0.4 /Si(001) sample with the line width of 100 nm. The definition of the direction of an incident x-ray is also indicated. Fig.3 Contour maps of (a) the average in-plane strain at the Si 0.6 Ge 0.4 surface and (b) the ratio of the strain-relaxed area over 90% as a function of the line width and thickness, those are calculated by using FEM.
RESULTS AND DISCUSSION
for the direction perpendicular to the lines after the patterning. The strain of the Si 0.6 Ge 0.4 layer with a line width of 250 nm was also uniaxially relaxed only for the direction perpendicular to the lines as shown in Fig. 4(b) . In this case, the DSR of the Si 0.6 Ge 0.4 layer is achieved to 85% after the patterning. The tensile-strain of 0.25% was induced in the Ge layer only for the direction perpendicular to the lines. These results indicate that the strain-relaxation of the Si 0.6 Ge 0.4 layer after the patterning more proceeded for the sample with a line width of 250 nm. Those are different from the expectation of the FEM analysis as mentioned before. In other words, it is not necessarily that the elastic strain-relaxation of a Si 1-x Ge x layer proceeds further when the mesa structure is patterned with narrower line width.
Here, we deduced the reason why the DSR for the Si 0.6 Ge 0.4 layer with a line width of 100 nm was smaller than that of 250 nm. Figures 5(a) and 5(b) show cross-sectional transmission electron microscopy (TEM) images of the samples with line widths of 100 and 250 nm, respectively. One conceivable reason is the effect of the overetching from the Si 0.6 Ge 0.4 /Si interface to the inside of the Si substrate. In the sample with a line width of 250 nm, the Si substrate is overetched compared to that with a line width of 100 nm as shown in Figs. 5(a) and 5(b) . In this study, the line pitch in the sample with a line width of 250 nm is larger than that of 100 nm and the etching time is identical for these two samples. As a result, the etching depth in the sample of a line width of 100 nm is shallower than that of 250 nm due to the microloading effect of the RIE etching [5] . It is considered that the strain of the Si 0.6 Ge 0.4 layer was effectively released from the restraint of the Si substrate, when the Si substrate around the Si 0.6 Ge 0.4 mesa structure was overetched. As a result, the elastic strain-relaxation of the Si 0.6 Ge 0.4 layer with a line width of 250 nm more proceeded compared to that of 100 nm in this study.
Another conceivable reason is the elastic strain-relaxation of the Ge surface itself by the patterning. Figures 6(a) and 6(b) show FEM analysis results of the strain distribution in the Ge layers patterned with line widths of 100 and 250 nm, respectively. Here, we assume that the strain at the bottom of Ge layer is uniform, meaning that the strain of the Si 0.6 Ge 0.4 layer is uniformly relaxed. These calculation results indicate that the strain-relaxation of the Ge layer occurs at the edge region by the micro-patterning. The tensile-strain is elastically relaxed at the whole surface region of the Ge layer especially in the sample with a line width of 100 nm. Such elastic strain-relaxation of the Ge layer at the edge region should reduce the average value of the tensile-strain in the Ge layer. Table I shows the summary of average tensile-strain values in the Ge layers estimated by the XRD measurement and FEM analysis considering the elastic strain-relaxation of Ge layers itself. The average tensile-strain value expected from the FEM analysis shows good agreement with that estimated by XRD. Note that the degree of the strain relaxation of the Si 1-x Ge x layer was directly estimated by XRD for each actual sample and it was taken into the consideration for this FEM calculation. This result implies that the strain of the Si 0.6 Ge 0.4 surface is uniformly relaxed for the samples with a line width of not only 100 nm but also 250 nm. However, the FEM result as shown in Fig. 3(b) does not show such trend. We consider the reason why the strain of the Si 0.6 Ge 0.4 surface is uniformly relaxed for the sample with the line width of 250 nm as following: The Si layer itself is strained with the strain relaxation of the Si 1-x Ge x layer due to overetching of the Si substrate. Therefore, the strain of the Si 0.6 Ge 0.4 layer is uniformly relaxed not only at the edge region but also the center region by the overetching of the Si substrate. These results also mean that it is not necessary that the tensile-strain of Ge becomes larger when the mesa structure is patterned with narrower width.
CONCLUSIONS
We have investigated the anisotropic strain structure of the micro-patterned Ge/Si 0.6 Ge 0.4 stacked layers. We found that there are various factors which influence the strain structure of Ge layers in addition to the enhancement of the elastic strain-relaxation of patterned the Si 1-x Ge x layers. One is the effect of overetching the Si substrate. Overetching of the Si substrate enhances the elastic strain-relaxation of Si 1-x Ge x layers. In addition, it is expected that uniformity of the strain-relaxation of the Si 0.6 Ge 0.4 layer is also improved by the overetching. Another factor is the elastic strain-relaxation of the Ge surface at the edge region by micro-patterning. That probably degrades the degree of the tensile-strain of the Ge layers. We have to take not only the structure size but also these factors into account in order to control the distribution and the magnitude of the strain in a Ge layer by micro-patterning.
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